Abstract The freshwater amphipod Crangonyx floridanus (Amphipoda: Crangonyctidae) is considered to have been recently introduced from North America to Japan, and the recorded sites at which it has been collected now cover nearly all of Japan except for the northern part. In this study, we surveyed further areas outside of its known distribution range, and examined the population genetic structure and the phylogenetic relationships between Japanese and North American populations of this species based on nuclear (18S rRNA) and mitochondrial (COI) DNA sequences. We found that this amphipod has already reached Hokkaido, northernmost Japan, which suggests that it has undergone rapid expansion in a pattern of concentric circles from the central part of Japan. Genetic analysis showed that the Japanese population is genetically homogeneous, in contrast to the genetic diversification of this species seen in North American Crangonyx populations. The process of introducing, establishing, and expanding this amphipod in Japan may be explained as follows. A limited number of individuals from a North American native population were probably inadvertently introduced and established somewhere within the Kanto region. The local population size then increased and its distribution range expanded rapidly across Japan.
Introduction
The crangonyctid amphipod Crangonyx floridanus Bousfield (Amphipoda, Crangonyctidae), originating from North America, was unintentionally introduced to the freshwater habitats of Japan. In 1989, an odd and previously unseen freshwater amphipod was found in the Furutone-numa oxbow pond of the Tone-gawa River, which flows along the Chiba-Ibaraki prefectural boundary (Morino et al. 2004 ). This was the first record of the family Crangonyctidae within Japan. The amphipod was subsequently identified as being C. floridanus by comparing specimens with other Crangonyx species and utilizing morphological characteristic diagrams (Morino et al. 2004) . Since its discovery in 1989, the distribution of this alien amphipod has expanded rapidly within a short time frame of only about 20 years (Kanada et al. 2007) . It was recently reported that this amphipod already inhabits a large portion (i.e., 28 prefectures) of Japan, excluding the northern part. In this study, we surveyed further areas outside the known distribution ranges and also used data from previous benthic fauna surveys in Japan.
Based on our ecological studies of C. floridanus Tojo et al. 2007 Tojo et al. , 2010 , this species seems to have a physiological tolerance to a wider range of water temperatures and water flow rates as well as a higher reproductive rate than native Japanese species. As this amphipod has rapidly expanded its distribution into new habitats as yet uninhabited by native amphipod species, it is also expected to significantly affect native species existing in a similar niche. As a result, there is a significant risk of collapsing/disrupting the ecological balance that has been established for a long time. Therefore, it is very important to consider possible countermeasures to prevent the further expansion and distribution of C. floridanus. Questions to be resolved include: how was C. floridanus introduced to Japan; was it introduced once or on multiple occasions; and if it was introduced multiple times, were there several origins and routes? With these questions in mind, we have conducted a population genetic analysis of Japanese C. floridanus in order to compare it with North American C. floridanus and some other closely related species of Crangonyx.
Materials and methods

Surveys of distribution
In order to document and quantify the expansion of Crangonyx floridanus across the country, we used data from our own field surveys and published data from benthic fauna surveys performed across Japan, such as the reviewed papers of Morino et al. (2004) and Kanada et al. (2007) , data from the National Censuses on River Environments, which was conducted by the Japanese Ministry of Land Infrastructure and Transport, and the collection records for C. floridanus in local Japanese journals. The records obtained were plotted on a map (Fig. 1) .
DNA analysis
Specimens of Japanese Crangonyx floridanus for DNA analysis were collected from 17 localities across Japan (41 specimens from 11 prefectures) in 2007 and 2008. Of these 41 specimens, two were from the Furutone-numa oxbow pond, near the Tone-gawa River, Abiko, Chiba (specimen nos. 9 and 10 in Table 1 ), which was the first place that this species was found in Japan in 1989: one was from the northernmost place, the Chitose-gawa River, Chitose, Hokkaido (specimen no. 1 in Table 1 ), and one was from an aquarium in a pet shop at Ota-ku, Tokyo (specimen no. 12 in Table 1 ). Most of the specimens were fixed in 99.5% ethanol in the field. The muscles of the thoracic segments were dissected in the laboratory to extract DNA (muscles of abdominal segments were occasionally used). The other specimens were incubated in a water tank at about 10°C with several fallen leaves immediately after collection in the field, and their muscles were dissected and finally fixed in 99.5% ethanol before DNA extraction.
Total DNA was extracted from the specimens and purified using the DNeasy R Tissue Kit (QIAGEN, Hilden, Germany). The 18S rRNA genes and the COI genes were amplified by a PCR method using the primer sets 
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Crangonyx floridanus (Millipore, Billerica, MA, USA). The purified DNA was sequenced directly by an automated method using the DYEnamic TM ET Terminator Cycle Sequencing Kit (GE Healthcare UK, Amersham, UK) on an automated sequencer (ABI PRISM 377 genetic analyzer; Perkin Elmer/Applied Biosystems, Foster City, CA, USA). The 18S rRNA sequence data for the 32 samples from 14 populations and the COI sequence data for 36 samples from 15 populations were submitted to the DNA databank of Japan (DDBJ database), and their accession numbers are given in Table 1 . The sequence data for C. floridanus from North American native habitats and other related species (Crangonyx spp., Bactrus spp. and Synurella sp.) were taken from GenBank (accession numbers in Table 1 ) in order to facilitate phylogenetic analyses.
All sequences were aligned automatically with Clustal W (Thompson et al. 1994 ) and MEGA 4 (Kumar et al. 2008) , and then cross-checked by eye carefully. Phylogenetic analyses were performed by the neighbor-joining (NJ) method (Saitou and Nei 1987) , implemented using the software PHYLIP (version 3.57; Felsenstein 1995) , and the maximum parsimony (MP) method, implemented using the software MEGA (version 4; Tamura et al. 2007 ). Gaps and ambiguous sites were omitted from the data sets of Hou et al. (2007) d Locality data from Slothouber Galbreath et al. (2010) e Locality data from Englisch and Koenemann (2001) phylogenetic analyses. The NJ analyses employed matrices of genetic distances generated using Kimura's twoparameter method (Kimura 1980) , and the confidences of branches were assessed via 1,000 bootstrap resamplings. MP analyses were performed for all tree searches, using the program MEGA for heuristic searches, and the majority rule consensus tree method. Bayesian analyses as conducted four times (independent runs started from different, randomly chosen trees) for each set of phylogenetic data using MrBayes (Huelsenbeck and Ronquist 2001) . The Bayesian analysis was inferred for 18S [the HKY substitution model was selected as the best substitution model based on the hLRT using MrModeltest v2.3 (Nylander et al. 2004 ); 5,000,000 generations], COI [the GTR ? G substitution model was selected as the best substitution model based on the hLRT; 5,000,000 generations], and nodal support was assessed by posterior probabilities estimated from the final 80% sampled trees.
Results
Distribution patterns
We were able to add two new locality records of Crangonyx floridanus: seven individuals collected from the Iwaki-gawa River, the Jyohoku-ohashi bridge, Hirosaki, Aomori, by S. Kanada on 9 August 2008, and four individuals from the Chitose-gawa River, Aoba-Koen Park, Chitose, Hokkaido, by S. Kanada on 31 August 2008. All collection data from our field surveys and the previous reports showed that the distribution area of C. floridanus had expanded from the central part to the peripheral regions of Japan according to a pattern of concentric circles (Fig. 1) .
DNA analyses
The sequences of the 369-bp 18S rRNA region, excluding some base pairs near the primer sites, were all identical among 32 individuals from 14 localities (Table 1 ; Fig. 2 ). In the sequences of the 624-bp COI region, excluding some base pairs near the primer sites, only two haplotypes were found among 36 individuals from 15 localities (Table 1 ; Fig. 3 ). These two haplotypes differed at two sites, one a synonymous and the other a nonsynonymous substitution. One haplotype was obtained across Japan, while the other was restricted to central Japan (Chiba and Kanagawa) . The established invasive C. floridanus in Japan was thus highly genetically homogeneous (genetic diversity = 0, nucleotide diversity = 0 in 18S rRNA; haplotype diversity = 0.157, nucleotide diversity = 0.00053 in COI).
The Bayesian dendrogram of Crangonyx species was estimated using Bactrurus spp. in 18S rRNA and Synurella sp. in COI as outgroups with the bootstrap values in the NJ and MP methods (Figs. 2, 3) . In both dendrograms, the monophyly of all Japanese populations is strongly supported. However, there were no individuals with the same sequences as Japanese C. floridanus, even in North American C. floridanus. Moreover, C. pesudogracilis, which originally inhabited North America but has since been introduced to Europe, was an ingroup of C. floridanus in both the 18S and COI dendrograms.
Discussion
Rapid dispersion of Crangonyx floridanus in Japan
The results of the surveys of the distribution of Crangonyx floridanus revealed that the time profile of initial observation records of this introduced amphipod in each region extends in a pattern of nearly concentric circles (Fig. 1) . Furthermore, the results of the genetic analysis of the various Japanese populations of C. floridanus found throughout Japan, strongly suggests that they are genetically homogeneous. Both their nuclear DNA (18S rRNA) and their mitochondrial DNA (COI) were almost completely uniform, in contrast to the relative genetic diversity found in specimens from North American populations.
Based on these results, the following reasonable explanation for the introduction, establishment and expansion of these amphipods can be assumed. A limited number of individuals from a native North American population were probably inadvertently introduced and established somewhere within the Kanto region. Their introduction probably occurred via a single route, rather than via multiple routes. The population was initially established with just a few individuals, and after a number of reproduction cycles within this small population, the size of the population increased, and their distribution area gradually expanded. Their high capacity to adapt to widely varying environments (i.e., a wide range of temperatures; riffles, pools and riverside pools; a wide variety of microhabitats such as submerged plants, patchy accumulations of plant litter on streambeds, gravel river beds, artificial river dikes and the piers of bridges) and their high fertility rate were examined and reported on in our previous study ). These characteristics must have contributed greatly to the success and rate of its expansion.
We now have a clear understanding of the invasive nature and the expansion pattern of the spread of C. floridanus, and so we must use these findings to consider measures that can be taken to prevent this alien species from expanding its distribution still further.
We found some C. floridanus specimens adhering to the foliage of water plants sold in a pet shop in Tokyo (specimen no. 12 in Table 1 and Figs. 2, 3) . Thus, we observed the risk of unintentional human-caused dispersion within Japan. We must consider all possible modes of dispersal of this species, and put in place effective measures for preventing its further dispersion.
Taxonomic problems with Crangonyx species During our molecular analyses of the relationships between several crangonyctid amphipod species including C. floridanus, we obtained the following unexpected results. The species C. pesudogracilis (which inhabits North America) was revealed to be an ingroup of C. floridanus, according to the results of several analyses based on both the nuclear DNA (18S rRNA) and the mitochondrial DNA (COI) (Figs. 2, 3 ). This may suggest that the species of recently introduced and established amphipods we thought to be C. floridanus may be in fact be the species C. pseudogracilis. Incidentally, the species C. pseudogracilis also spread to Western Europe from North America, and it already has a broad distribution across Western Europe (Crawford 1937; Zhang and Holsinger 2003; Slothouber Galbreath et al. 2009 ). This is a very similar situation to the one in Japan. Whilst C. floridanus has also spread to nonnative regions within North America (from Florida to California; Toft et al. 2002 Toft et al. , 2003 .
Perhaps we should consider whether the crangonyctid amphipod group has been incorrectly speciated beyond the ''actual'' species level (i.e., these amphipods may have been divided into too many species). This group of amphipods includes 46 described species around the world, of which 42 species are found in North America (Zhang and Holsinger 2003) . Furthermore, as the distributions of C. floridanus and C. pseudogracilis overlap, and they are very similar morphologically, some taxonomical re-evaluation seems to be appropriate. As such, several researchers have already pointed out that identification down to the species level within the genus Crangonyx is difficult. Because its native range is so large and potentially overlaps with so many other species of Crangonyx, misidentifications have repeatedly occurred (Zhang 1997; Hynes 1955; Zhang and Holsinger 2003; Slothouber Galbreath et al. 2010) . In any case, it is clear that amphipods of the genus Crangonyx have already invaded Western Europe and Japan, and are rapidly expanding their distributions in both regions. Therefore, we believe that measures to contain these alien amphipods are urgently required, along with further studies of the classification of these crangonyctid amphipod species. 
